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Cogeneration is the production of more than one useful form
of energy (such as process heat and electric power) from the
same energy source. Cogeneration systems often capture other-
wise wasted thermal energy, usually from an electricity produc-
ing device like a heat engine (e.g., steam-turbine, gas-turbine,
diesel-engine), and use it for space and water heating, indus-1812394.
o.com (N. Dev), Sam6764@
iffmail.com (S.S. Kachhwaha),
Shams University.
g by Elsevier
y. Production and hosting by Elsev
02trial process heating, or as a thermal energy source for another
system component [1,2].
Design of cogeneration cycle power plant, improvement in
existing plant and comparison of two real life operating power
plants require a multi attribute decision making (MADM)
technique to analyze the effect of one system/design parameter
on the other systems/design parameters. In multiple criteria
decision making, a number of alternatives have to be evaluated
and compared using several criteria. The aim of MADM tech-
niques is to provide support to the decision-maker in the pro-
cess of making the choice between alternatives.
From the literature review it has been revealed that there
are two models i.e. thermodynamic and thermo-economic
model for the analysis of power plants. Thermodynamic model
of a power plant gives solution for optimum efﬁciency while
thermo-economic model is useful for the analysis on efﬁciency
and cost basis in association with each other. For the completeier B.V. All rights reserved.
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modynamic, economic, reliability, human being and environ-
ment aspects have to be studied in association with each
other. At present there is no effective mathematical model
for studying these aspects in association with each other for
CGCPP. Simple model, easy to implement, lesser computa-
tional cost and ﬂexible with changing environment is required
to evaluate the cogeneration cycle power plant efﬁciency on
design basis or analysis basis.
A number of MADM techniques have been suggested in
the literature to model various systems and their elements.
Graph theory is one of such methodologies. It is a systematical
and logical approach. Digraph model representation has
proved to be useful for modeling and analyzing various kinds
of systems and problems in numerous ﬁelds of science and
technology [3,4]. The matrix approach is useful in analyzing
the graph/digraph models expeditiously to derive the system
function and index to meet the objectives. Moreover, represen-
tation of the digraph by a matrix offers ease in computer han-
dling. In view of these, GTA method is proposed in this paper
for the prediction of efﬁciency of a CGCPP in terms of an in-
dex which takes into account various design parameters and
interactions between them.
2. Identiﬁcation of design parameters in cogeneration cycle
power plant
In this part, system modeling of cogeneration cycle power
plant and its analysis is described. Cogeneration cycle power
plant considered for the present analysis is shown in Fig. 1.
The air at the ambient temperature is compressed by the air
compressor and directed to the combustion chamber. The
compressed air mixes with the natural gas from the fuel supply
system to produce hot combustion gas in the combustor. The
hot combustion gas is delivered to the gas turbine where the
power is generated. The exhaust gas passes through a HeatFigure 1 Schematic ﬂow diagram oRecovery Steam Generator where water is converted to steam.
The steam produced is used as process steam.
For the graph theoretic analysis cogeneration cycle power
plant is divided into following four systems:
1. Air compressor system (S1).
2. Combustion chamber system (S2).
3. Gas turbine system (S3).
4. Heat Recovery Steam Generator (HRSG) system (S4).
Based on the above analysis, a real life CGCPP has been
converted into a well deﬁned and bounded engineering repre-
sentation based on these systems. These systems of the CGCPP
are also connected with each other physically or indirectly at
the level of their sub-systems. Efﬁciency of these systems and
their interaction will decide the efﬁciency of CGCPP. In the
present work, system is modeled by considering its structure
on the basis of efﬁciency. Let each of the four systems of plant
be represented by vertices Si’s (i= 1, 2, 3, 4) and interconnec-
tion between two systems (Si, Sj) is represented by edges cij’s
(i= 1, 2, 3, 4 and i „ j) connecting the two vertices Si and Sj.
In actual system all four system do not affect each other.
The graph theoretic representation [S, c] of vertex and edge
sets of the four system cogeneration cycle power plant, called
system structure graph (SSG) is shown in Fig. 2. This system
structure graph (Fig. 2) represents the internal structure of
the CGCPP at system level. It clearly shows different systems
and their interactions in the CGCPP as discussed above.
This is based upon the working of cogeneration cycle power
plant as per the following:
1. The ambient air comes to the compressor after being ﬁl-
tered by air ﬁlters. Compressor and turbine are attached
with a shaft. So the power to compress the air comes to
the compressor from the turbine. This is represented by
the edge c31. S1 is the compressor system.f cogeneration cycle power plant.
S1
S3
S2
S412c
13c
31c
23c
42c
34c
Air
Flue Gases
Work
Heat Energy
Figure 2 System structural graph of cogeneration cycle power
plant: air compressor system (S1), combustion chamber system
(S2), gas turbine system (S3), Heat Recovery Steam Generator
system (S4).
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This is represented by edge c12. Fuel is added in the com-
bustion chamber.
3. A blade is cooled by being made hollow so that a coolant
air can circulate through it. Coolant air is obtained directly
from the compressor, thus bypassing the combustion cham-
ber. Edge c13 represents the bypassing of cooling air.
4. Fuel supplied to the combustion chamber is generally com-
pressed natural gas (CNG). Fuel supply is taken as a part of
combustion chamber system. Outlet temperature of com-
bustion chamber system [S2] depends upon thermal stress
limit of gas turbine blade material. Highest temperature
of ﬂue gas coming out from combustion chamber is con-
trolled by changing air–fuel (A/F) ratio. Combustion prod-
uct ﬂows to gas turbine as shown by edge c23.
5. Depending upon the temperature of ﬂue gas, HRSG [S4]
may be used for (i) partial heating (regeneration) of the
compressed air leaving the compressor (c42), or (ii) generat-
ing steam in a dual or multipressure steam cycle.
6. Flue gases coming out of combustion chamber and entering
to HRSG system [S4] are shown by the edge c34.
The design parameters affecting the CGCPP efﬁciency have
been identiﬁed on the basis of exhaustive literature survey and
discussion with experts both from organization and academics.
These parameters are epitomized in Fig. 3.
Rationales for selecting the design parameters for all sys-
tems are discussed below.
2.1. Compressor system
1. As the ambient temperature increases, density of air
decreases. Due to which the compressor has to do more
work to compress the same mass of air at high temperature
than at lower temperature. Output of gas-steam cogenera-
tion cycle is a strong function of the inlet air temperature.
When the inlet air temperature drops, power outputincreases considerably and heat rate varies slightly. Where
heat rate is heat input required to produce a unit quantity
of power.
2. Enthalpy and speciﬁc heats (both at constant pressure and
constant volume) for a gas at particular temperature and
pressure have different values for humidiﬁed air and non-
humidiﬁed air. This difference depends upon the relative
humidity.
3. Compressor efﬁciency is a function of manufacturing qual-
ity and may vary from manufacturer to manufacturer.
4. The thermal efﬁciency of ideal Brayton Cycle is being given
by the following relationship.
1
gTH ¼ 1
r
ðk1Þ=k
p
rp is the compressor pressure ratio; k is the ratio of speciﬁc
heats
5. Compressor outlet temperature is the temperature at which
compressed air will be entering the combustor. It will be
affected by the pressure ratio and polytropic efﬁciency of
compressor.2.2. Combustion chamber system
1. If the inlet temperature to combustion chamber is higher
then lower amount of fuel will be required to attain the
combustion chamber outlet temperature or turbine inlet
temperature (TIT).
2. Type of fuel used in combustion chamber will be a decid-
ing factor that how much heat will be released by burning
unit amount of fuel. Ratio of Carbon to Hydrogen (C/H)
decides the caloriﬁc value of fuel. When the fuel-caloriﬁc
value is higher then the combustion efﬁciency will be
higher. With the increase in fuel-caloriﬁc value the burn-
ing velocity increases which decline the NOx conversion
rate slightly [5].
3. Combustion chamber loses energy due to heat transfer,
noise and vibration. Fuel utilization efﬁciency depends
upon the design of combustion chamber.
4. Overall efﬁciency of cycle depends upon the amount of
fuel injected in combustion chamber. There is no other
supply of energy to the cycle for a ﬁxed net output power,
so mass of fuel injected will be deciding factor for cycle
efﬁciency.
5. If the mass of air entering the combustion chamber gets
changed and amount of fuel is not changed then combus-
tion chamber outlet temperature will depend upon the mass
of air. For a lean fuel–air mixture, if amount of fuel
remains same and mass of air decreases then temperature
of combustion gasses will be increased.
6. Combustion chamber outlet temperature is ﬁxed by ther-
mal stress limit of turbine blade material. As the turbine
inlet temperature (TIT) increases the cycle efﬁciency will
also increase.
7. Under high pressure conditions, combustion efﬁciency
improves with increase in pressure [6].
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Figure 3 Diagram showing systems of CGCPP and design parameters.
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1. Expansion ratio of gas turbine depends upon the pressure
ratio of air compressor. Higher is the expansion ratio of
gas turbine more will be the utilization of enthalpy across
the gas turbine.
2. Higher TIT means that combustion gases are having higher
enthalpy. It can be seen from the following relationship that
work obtained from cycle is a function of TIT [6].
1
 
ðc1Þ 
W ¼ CpT3 1
r
ðc1Þ
c
 T1 r c  1
where W is the net work obtained from a simple gas turbine
cycle, Cp is the speciﬁc heat at constant pressure, c is the ratio
of speciﬁc heats, T1 is ambient air temperature, T3 is TIT and r
is the pressure ratio. Higher is the TIT, higher will be workobtained. For all cooling modes, coolant requirement increases
with increase in TIT.
3. If the efﬁciency of gas turbine is higher then the utilization
of energy in gas turbine will be higher.
4. Flue gases coming out of gas turbine at lower pressure and
high temperature are passed through HRSG for waste heat
recovery.
5. Cooling air is passed through the blades for cooling. This
air quantity is ﬁxed by air-by-pass ratio.
2.4. Heat Recovery Steam Generator system
1. It is being found that introducing multipressure steam
generation in the HRSG in place of single pressure
improves the performance of a cogeneration power plant.
HRSGs are classiﬁed into single, dual, and triple pressure
types depending on the number of drums in the boiler [7].
Figure 4 Digraph showing four attributes of cogeneration cycle
power plant and their interdependencies in the system (attributes:
air compressor system (S1), combustion chamber system (S2), gas
turbine system (S3), Heat Recovery Steam Generator system (S4)).
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transfer coefﬁcient of ﬂue gases gets increased. If the veloc-
ity of ﬂue gases coming of gas turbine is high then more
heat will be transferred to HRSG tubes and steam can be
produced at high temperature and pressure [8].
3. Heat transfer by conduction mode is more than convection
mode for the same temperature difference. Heat transfer by
radiation is very less.
4. If the ﬂue gases have high speciﬁc heat then there will be
very less drop in temperature of ﬂue gases while passing
through HRSG for a speciﬁc amount of heat transfer.
5. A large size of HRSG will minimize the heat loss but this
will increase the cost of HRSG [7].
6. Temperature of gases coming out from HRSG is being lim-
ited by the dew point temperature of ﬂue gases. If it is kept
high then energy will be lost to the environment and efﬁ-
ciency will be decreased.
7. The HRSG steam production for a given gas turbine goes
down as the steam pressure and temperature goes up [9].
8. Higher pinch point leads to lesser efﬁciency. Where pinch
point is the difference between gas temperature leaving an
evaporating section and the temperature at which boiling
is occurring.
3. Graph theoretic approach (GTA)
Graph theory is a logical and systematic approach useful for
modeling and analyzing various kinds of systems and problems
in numerous ﬁelds of science and technology [10–18]. GTA
synthesizes the inter-relationship among different parameters
or sub-system parameters and provides a synthetic score for
the entire system. It also takes care of directional relationship
and inter-dependence among parameters.
Graph theoretic and matrix model consists of digraph rep-
resentation, matrix representation and permanent representa-
tion. The digraph characterizes the visual representation of
the elements (parameters) and their interdependence. The ma-
trix converts the digraph into mathematical form. The perma-
nent function is a mathematical model that helps to determine
index, which can be used for comparison.
3.1. Digraph representation of CGCPP system
Digraph is used to represent the parameters affecting the efﬁ-
ciency of CGCPP system and their interdependencies in terms
of nodes and edges. The digraph consists of a set of nodes
N= {ni} with i= 1, 2,. . ., M and a set of directed edges
E= {cij}. A node ni represents ith parameter and edges repre-
sent the interdependence between parameters. The total of
nodes, M, is equal to the number of parameters considered
for the system. If a node i has relative importance over another
node j, then a directed edge or arrow is drawn from node i to
node j (cij). If a node j is having relative importance over i, then
a directed edge or arrow is drawn from node j to node i (cji).
The digraphs are dependent on the subjective judgement. In
the present case, to overcome this limitation different power
plant expert (both academic and industry) has been consulted
for the digraph preparation.
For the development of CGCPP system digraph, the four
categories of system (as discussed in Section 2) are consideredand represented by four nodes in the CGCPP system digraph,
shown in Fig. 4. The directed edges are drawn according to the
interdependence of these systems.3.2. Matrix representation of CGCPP system
Digraph helps the experts to visualize and analyze the pro-
posed system. But as the number of nodes and their interde-
pendence increase, the digraph becomes complex. In such
cases, a visual analysis of the digraph is more difﬁcult and
complex. To overcome this difﬁculty, the digraph is repre-
sented in matrix form. Matrix representation of a digraph
gives one-to-one representation.
In general, if there is M number of contributing categories
of systems and interdependencies exists among all of these cat-
egories and there are no self loops, then the GTPP system ma-
trix E for the GTPP system digraph is written as:
ð1Þ
Hence, the CGCPP system matrix, also known as variable per-
manent matrix (VPMCGCPP), corresponding to CGCPP system
digraph as shown in Fig. 4 is written as:
ð2Þ
In this matrix E\, the diagonal elements S1, S2, S3, and S4 rep-
resent the impact of different categories of systems on the
CGCPP efﬁciency on the basis of their design parameters
and cij represents the interdependency of the system category
i and j, represented by the edge cij from i to j in the digraph.
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Both digraph and matrix representations are not unique in nat-
ure because they are altered by changing the labels of their
nodes. Hence, to develop a unique representation that is inde-
pendent of labeling, a permanent function of the CGCPP sys-
tem matrix is proposed here. The permanent is a standard
matrix function and is used in combinatorial mathematics
[3,19,20]. The permanent function is obtained in a similar man-
ner as the determinant but unlike in a determinant where a
negative sign appears in the calculation, in a variable perma-
nent function positive signs replace these negative signs.
The expression for permanent function corresponding to
four-element digraph, as shown in Fig. 4, is written as:
PerðEÞ ¼ S1 S2 S3 S4
þ c12 c21 S3 S4 þ c13 c31 S2 S4 þ c14 c41 S2 S3
þ c23 c32 S1 S4 þ c24 c42 S1 S3 þ c34 c43 S1 S2
þ c12 c23 c31 S4 þ c13 c32 c21 S4 þ c12 c24 c41 S3
þ c14 c42 c21 S3 þ c13 c34 c41 S2 þ c14 c43 c31 S2
þ c23 c34 c42 S1 þ c24 c43 c32 S1
þ c12 c21 c34 c43 þ c13 c31 c24 c42 þ c14 c41 c23 c32
þ c12 c23 c34 c41 þ c14 c43 c32 c21 þ c13 c34 c42 c21
þ c12 c24 c43 c31 þ c14 c42 c23 c31 þ c13 c32 c24 c41
ð3Þ
Eq. (3), i.e., the permanent function of the CGCPP system ma-
trix, is a mathematical expression in symbolic form and con-
tains a number of terms which are structure invariants.
These terms are arranged in groupings whose physical signiﬁ-
cance is explained below:
 The ﬁrst group contains only one term and represents the
presence of major systems i.e. S1 S2 S3 S4.
 The second grouping is absent since these are no self-loops
i.e. this grouping will occur in expression only if a system is
connected to itself.
 The third grouping contains a set of 2 systems, interdepen-
dence and remaining N-2 (i.e., 2 here) systems.
 Each term of fourth grouping represents a set of 3 system,
interdependence and remaining N-3 (i.e., 1 here) systems.
 Theﬁfth grouping contains terms arranged in two-sub group-
ing. The ﬁrst sub grouping contains a set of two systems, the
interdependence andmeasure of remainingN-4 systems. The
second sub grouping is a set of 4 systems, interdependence or
its pair and the measure of remaining N-4 systems.
If the values of CGCPP system matrix, i.e. Eq. (2) are
substituted in Eq. (3), then, some of the terms in various
groupings are nulliﬁed and resultant permanent representation
is as follows:
Per½E ¼ ½S1 S2 S3 S4 þ ðc13 c31ÞðS2 S4Þ þ ðc31 c23ÞðS1 S4Þ
þ S1 ðc23 c34 c42Þ ð3Þ
A computer program was developed using C++ language for
calculating the values of permanent function for square matrix
of M ·M matrix.
3.4. Cogeneration cycle power plant efﬁciency index
CGCPP efﬁciency index is function of considered systems i.e.
air compressor system, combustion chamber system, gas tur-
bine system, and Heat Recovery Steam Generator system.CGCPP efficiency indexðCGCPPEIÞ
¼ f ðsystemsÞ¼ f ðAir compressor system;Combustion chamber system;
turbine system;Heat Recovery Steam Generator systemÞ
The permanent function of CGCPP system (i.e. Eq. (3)) is pro-
posed, here, for the evaluation of CGCPPEI because it con-
tains all the possible components of CGCPP system and
their interdependence. The numerical value of CGCPP system
matrix is named as the CGCPPEI:
CGCPPEI ¼ Per½E
¼ Permanent function of CGCPP system matrix
To calculate this index, the values of Si and cij are required.
The values of these parameters and their interdependence are
found on the basis of the production system data available
in the organization and the experience of production person-
nel. If a quantitative value is not available, then a ranked value
judgement on a scale (e.g., from 1 to 9) is adopted. Table 1 is
suggested for this purpose. To assign numerical values to the
interdependence of parameters cij, the opinions of production
experts can be recorded. But this interdependence of parame-
ters cannot be measured directly and, hence, qualitative values
may be adopted. These qualitative values of the interdepen-
dence of parameters are also assigned on a scale (e.g., 1–5),
as suggested in Table 2.
The efﬁciency index value for a number of cogeneration cy-
cle power plants can be evaluated by substituting the values of
Si and cij in Eq. (3). Index values will differ for different cogen-
eration cycle power plants because of affect of different param-
eters to different extent on the system. In this way, different
power plants may be arranged in ascending or descending or-
der, according to their efﬁciency index value. Power plant with
the higher value of efﬁciency index ﬁnd better chance of higher
work output for same consumption of fuel than the others.
4. Comparison of cogeneration cycle power plants
The identiﬁcation of a new power plant and its comparison
with other power plants based on efﬁciency index is carried
out by considering their VPFCGCPP. Two organizations are
similar the cogeneration cycle power plant system viewpoint
if their digraphs are isomorphic at the system and subsystem
level. Two CGCPP system digraphs are isomorphic if they
have identical VPFCGCPP. This means that not only numbers
of terms in each grouping/subgrouping are the same but also
the value. Based on this fact, a composite CGCPP design
parameter set for an organization is written as:
½ðTDi =TDij ÞðHDi =HDij Þ ð4Þ
where TDi represents the total number of terms in the ith group-
ing, TDij represents the total number of terms in jth subgrouping
of the ith grouping. In case there is no subgrouping, TDij is same
as TDi ; similarly H
D
i is the value of the ith grouping. H
D
ij is the
numerical value of the jth subgrouping in the ith grouping.
Numerical values of the Si’s and cij’s are substituted in the sub-
grouping and grouping to obtain HDij : In general, two power
plants may not be isomorphic from the design parameter view-
point. Comparison is also carried out on the basis of coefﬁ-
cient of similarity. The coefﬁcient is derived from the
structure, i.e., the number of terms in different groupings
and the permanent function, i.e., VPFCGCPP and compares
Table 1 Quantiﬁcation of factors affecting cogeneration cycle
power plant efﬁciency.
S. No. Qualitative measure of
parameters aﬀecting
cogeneration cycle eﬃciency
Assigned value of parameter
1 Exceptionally low 1
2 Very low 2
3 Low 3
4 Below average 4
5 Average 5
6 Above average 6
7 High 7
8 Very high 8
9 Exceptionally high 9
Table 2 Quantiﬁcation of interdependencies.
S. No. Qualitative measure of interdependencies cij
1 Very strong 5
2 Strong 4
3 Medium 3
4 Weak 2
5 Very weak 1
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ilarity or dissimilarity.
If the values of distinct terms in the jth subgrouping of the
ith grouping of VPFCGCPP for two power plants under consid-
eration are denoted by HDij and H
0D
ij , then criterion of coefﬁ-
cient of dissimilarity ðCDd Þ is given as
CDd ¼
P
i
P
j/i
Y
ð5Þ
where Y is the maximum of
P
i
P
jjHDij j and
P
i
P
jjH0Di j. When
subgrouping are absent, HDij ¼ HDi and H0Dij ¼ H0Di ; while
/ij ¼ jHDi H0Di j; when the subgrouping are absent. Once the
coefﬁcient of dissimilarity is known, then, coefﬁcient of simi-
larity ðCDS Þ is calculated as follows:
CDS ¼ 1 CDd ð6Þ
It may be noted that the coefﬁcient of similarity and dissimilar-
ity lie in the range between 0 and 1. If two power plants are
isomorphic or completely similar then, their coefﬁcient of sim-
ilarity is 1 and the coefﬁcient of dissimilarity is 0. In a similar
manner, if two power plants are completely dissimilar, their
coefﬁcient of dissimilarity is 1.
5. Methodology
A methodology for the evaluation of CGCPP efﬁciency index
(CGCPPEI) for a cogeneration cycle power plant is proposed
on the basis of GTA. The main steps of this methodology are
as follows:
1. Identify the various system categories affecting the
CGCPP efﬁciency.2. Develop the CGCPP system digraph. This is the digraph
at the system level.
3. Identify the various design parameters for each system
category of CGCPP system.
4. For each system category, develop a digraph among the
design parameters based on the interactions among
them. This is the digraph at each sub-system level.
5. Based on the above-mentioned digraphs among sub-sys-
tem design parameters, develop the variable permanent
matrix for each system category.
6. Calculate the permanent function at each sub-system
level. For avoiding the complexity, the numerical values
of inheritance and interactions are used.
7. Develop the CGCPP system matrix for the CGCPP sys-
tem digraph. This will be M ·M matrix with diagonal
elements of Si and off-diagonal elements of cij. The value
of the permanent function at each sub-system level pro-
vides inheritance (diagonal elements of Si) for each sys-
tem category. The values of interaction among these
system categories (i.e. off-diagonal elements of cij) are
to be decided by the experts on the basis of scale of 1–5.
8. Calculate the permanent function of CGCPP system
matrix at the system level. This is the value of CGCPP
efﬁciency which mathematically characterizes the
efﬁciency of any cogeneration cycle power plant based
on the different design parameters and their
interdependence.
9. Compare different power plants in terms of CGCPP efﬁ-
ciency index and list them in descending order of their
VPMCGCPP values. The power plant having the lowest
value of VPMCGCPP has the best chance of efﬁciency
improvement.
10. Record the results of this study and document them for
future analysis.
6. Working example
For the demonstration of proposed methodology, a cogenera-
tion cycle power plant is taken as an example. It is proposed to
ﬁnd the value of CGCPP efﬁciency index (CGCPEI). For this
purpose, some numerical values of all parameters and their
interdependencies are required i.e. the value of all terms of
VPMCGCPP. The value of diagonal elements in VPMCGCPP,
i.e., the value of all four systems S1, S2, S3 and S4 are evaluated
by applying GTA for design parameters of the respective sub-
system. The methodology explained in Section 4 is used to
evaluate CGCPP efﬁciency index in this example.
1. Various system categories affecting the CGCPP efﬁciency
(four categories of system in the present case) are identiﬁed
and presented in Fig. 2.
2. A digraph is developed for these four system category as
shown in Fig. 4.
3. Design parameters are identiﬁed for each category of
CGCPP system and presented in Fig. 2.
4. Digraphs for each system category (Figs. 5–8) are devel-
oped considering the sub-systems design parameters. Nodes
in the digraph represent the design parameters and their
mutual interactions are depicted by different edges.
Figure 6 Digraph for combustion chamber system design
parameters (attributes: Temperature of air entering combustion
chamber ðC21Þ, caloriﬁc value of fuel ðC22Þ, combustion chamber
efﬁciency ðC23Þ, combustion chamber outlet temperature ðC24Þ,
velocity of gases in combustion chamber ðC25Þ, mass of fuel
injected in combustion chamber ðC26Þ, mass of air entering
combustion chamber ðC27Þ, pressure loss in combustion chamber
ðC28Þ, combustion Stability and intensity ðC29Þ, and concentration
of combustion products ðC210Þ).
Figure 5 Digraph for air compressor system design parameters
(attributes: inlet air temperature ðC11Þ, inlet air humidity ðC12Þ,
compressor polytropic efﬁciency ðC13Þ, compressor pressure ratio
ðC14Þ, compressor outlet temperature ðC15Þ, and speciﬁc heat ratio
ðC16Þ).
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is written. At the sub-system level, VPM for digraph for
subsystem 1 (Fig. 5) in general form is considered. Similar
to Eq. (1), VPM for air compressor system is given by:
ð7ÞAt subsystem level, Tables 1 and 2 are used to determine
numerical values for inheritance of parameters and their
interactions. The variable permanent matrices for different
sub-systems (based on their digraph) are written through
Eqs. (8)–(11).
For air compressor, the values taken from Table 1 are:
C11 ¼ 9; C12 ¼ 1; C13 ¼ 9; C14 ¼ 5; C15 ¼ 1; C16 ¼ 3.
The values taken from Table 2 are: c112 ¼ 3; c113 ¼
4; c115 ¼ 3; c116 ¼ 5; c126 ¼ 2; c134 ¼ 5; c135 ¼ 4; c143 ¼ 3; c165 ¼ 1.
Substituting these values in Eq. (7), VPMair compressor is gi-
ven as:
ð8Þ
In similar way, variable permanent matrices for other sub-sys-
tems are written as:
ð9Þ
ð10Þ
ð11Þ
The value of permanent function for each category is calcu-
lated using a computer programme developed in language
C++. Substituting the values from Eq. (8) we get
Per C1 ¼ 1620
Figure 8 Digraph for HRSG system design parameters (attri-
butes: mass ﬂow rate of combustion gas ðC41Þ, inlet temperature of
combustion gas ðC42Þ, outlet temperature of combustion gas ðC43Þ,
speciﬁc heat of combustion gas ðC44Þ, velocity of combustion gas
ðC45Þ, pinch point of combustion gas and circulating water ðC46Þ,
size of HRSG ðC47Þ, mode of heat transfer of combustion gas to
circulating water (conduction, convection, radiation) ðC48Þ, and
pressure level of boiler water drums (single pressure, dual pressure,
triple pressure) ðC49Þ).
Figure 7 Digraph for gas turbine system design parameters
(attributes: expansion ratio ðC31Þ, turbine inlet temperature ðC32Þ,
gas turbine polytropic efﬁciency ðC33Þ, gas turbine outlet temper-
ature ðC34Þ, quantity of cooling air ðC35Þ, speciﬁc heat of ﬂue gases
ðC36Þ, relative humidity ðC37Þ, and mass/volume of combustion
gases ðC38Þ).
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tems are evaluated from variable permanent matrices in Eqs.
(9)–(11) and are written as under:
PerC2 ¼ 2:3882 107
PerC3 ¼ 186624
PerC4 ¼ 4:5730 107
1. CGCPP system matrix at the system level is developed as
per Eq. (1). In this matrix, values of diagonal elements
are taken from the sub-system level as explained below:
S1 = Per C1, S2 = Per C2, S3 = Per C3, S4 = Per C4 and
the values of the off-diagonal elements are taken form Table 2.
ð12Þ
7. Value of permanent function at the system level is evaluated
and found to be 3.29434 · 1021 which indicates the value of
CGCPP efﬁciency index for the case considered. CGCPP
efﬁciency index depends upon the inheritance and interde-
pendencies of system/sub-systems. As in present case, the
system is large and the numbers of performance parameters
are also large in number, so naturally index value comes out
to be large digit number. In its present form it may be help-
ful in comparing the efﬁciency index of two or more similar
cogeneration cycles. Moreover, as it is a new proposal in
the ﬁeld of cogeneration cycle power plant and no new
work is a perfect one, so this matter can be discussed in
future international meetings and conferences for the sim-
pliﬁcation of this index. By carrying out similar analysis,
the efﬁciency index for different CGCPP system can be
obtained. Higher value for the efﬁciency index of a CGCPP
system indicates that its efﬁciency will be better than others.
Monitoring at regular interval may be carried out by third
party to assess power plant efﬁciency. Moreover, the anal-
ysis may be carried out at regular interval for self
assessment.
Similarity and dissimilarity among CGCPP in terms of efﬁ-
ciency index may be estimated using methodology discussed in
Section 4. Two cogeneration cycle power plants are considered
which can be devided into four subsystems (1) air compressor
system (2) combustion chamber system (3) gas turbin system
(4) HRSG system. These are designated by H1, H2, H3 and
H4 and H
0
1; H
0
2; H
0
3 and H
0
4 for the organization 1 and organi-
zation 2, respectively. Although the parameters identiﬁed are
the same for both organizations, it is the inheritance and inter-
action of these design parameters that will lead to comparison.
Based on the methodology discussed earlier in this paper, the
VPM for organization 1 may be written as:
ð13Þ
The VPF of Eq. (13) will lead to the permanent of the matrix
per E\ using Eq. (3).
The expression for Per H1 is arranged in n+ 1, i.e., ﬁve groups
ð14Þ
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tains n!, i.e., 24 terms.
Similar to Eqs. (13) and (14), VPM and the permanent
function for the organization 2 may be written down. The val-
ues of inheritance and interactions, i.e., Hi’s and Hij’s are to be
determined by the experts. In present example only one param-
eter affecting the performance of air compressor is considered.
For demonstration of methodology, these are taken from the
Tables 1 and 2 as.
H1 ¼ 6; H2 ¼ 7; H3 ¼ 5; H4 ¼ 6; h12 ¼ 5; h13
¼ 3; h23 ¼ 5; h31 ¼ 3; h34 ¼ 4; h42 ¼ 2; h43 ¼ 5
H01 ¼ 3; H02 ¼ 7; H03 ¼ 5; H04 ¼ 6; h012 ¼ 5; h013
¼ 3; h023 ¼ 5; h031 ¼ 3; h034 ¼ 4; h042 ¼ 2; h043 ¼ 5
Substituting the values, the permanent for organization 1 (Eq.
(14)) may be written as:
Per H1 ¼ 1260þ 810þ 240þ 0 ¼ 2310
Based on Eq. (4), Eq. (14) and the value of Per H*, the iden-
tiﬁcation set for power plant one may be written as:
½1=0=2=1=0½1260=0=810=240=0
On the similar lines, the permanent for organization 2 may be
written as:
Per H2 ¼ 630þ 540þ 80þ 0 ¼ 1250
The identiﬁcation set for organization 2 may be written as:
½1=0=2=1=0½630=0=540=80=0
Whereas the identiﬁcation sets help in visually analyze the
existence of various groups, Eq. (5) is used to compare similar-
ities in power plants in terms of performance parameters.
Based on this criterion, the coefﬁcient of dissimilarity betweenthe two power plants is .459. Thus, the coefﬁcient of similarity
is .541. The comparison procedure helps organizations com-
pare different groups in identiﬁcation sets, on which they can
analyze and improve the weak parameter in power plant de-
sign or analysis. Moreover, organizations can be ranked in
increasing or decreasing order of value of the coefﬁcient of
similarity or dissimilarity. The increasing or decreasing order
is just for ranking of power plants but managers should mainly
focus on the performance parameters according to which some
major decision regarding power plant performance on efﬁ-
ciency basis can be taken.7. Conclusion
1. A methodology based on GTA is proposed to evaluate the
role of design parameters in calculating the efﬁciency of
CGCPP. For this purpose, CGCPP has been divided into
four systems as the CGCPP is a very large system. Design
parameters affecting system efﬁciency are identiﬁed.
2. Themethodology presented in this paper builds a ﬂexible and
comprehensive model, which has the capability to consider
the inheritance and interdependencies between various sys-
tems and design parameters affecting efﬁciency of CGCPP.
3. The methodology helps in quantifying the inﬂuence of var-
ious design parameters on the efﬁciency of the system/sub-
systems. Accordingly, weak and strong design parameters
can be identiﬁed.
4. Efﬁciency of CGCPP is expressed in terms of an index. The
index value depends on inheritance of systems which fur-
ther depends upon design parameters.
5. Using this methodology, efﬁciency of any system can be
evaluated and compared under the impact of any number
of design parameters.
GTA-based framework for evaluating the role of design parameters in cogeneration cycle power plant efﬁciency 2836. This methodology permits to generate alternative for
CGCPP efﬁciency improvement.
7. This methodology can be effective tool for evaluation, com-
parison, ranking and selection of an optimum CGCPP sys-
tem on efﬁciency basis.
Practical implementation of the proposed methodology in a
systematic manner will help power generation industry to iden-
tify, analyze and evaluate parameters responsible for CGCPP
performance on efﬁciency basis. Evaluation and comparison
will also lead to identify critical areas that are roadblock to
CGCPP efﬁciency. The CGCPP efﬁciency index will help an
organization to achieve proﬁtability through productivity.
The world is dynamic in nature and new performance
parameters may be identiﬁed in future. To overcome such sit-
uations, a computer program may be developed to expedite the
process as the mathematical calculations are tedious, repetitive
and more time consuming if they are done manually. With the
help of computer program, new performance parameters may
be introduced. The impact of these new parameters on system
performance may be analyzed and a new mathematical model
may be developed. From the results of new model, strategy for
improving the power plant performance may be modiﬁed or
developed.
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